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INTROIXJCTION
The surface tensions of the more common liquids have been
precisely deter.mined by many workers, with the exception of the
molten metals. One would expect that the surface tension of
mercury, ·a metal which is in the liquid state under ordinary con-
ditions, would be as accurately known. as the surface tension of
water. Such is not the case, however. Burden(l) has made a
(1) Burden, R. S., Surface Tension and the Spreading of Liquids,
Cambridge University Press. 1949. pp. 25-32.
rather extensive survey of the literature a.nd !'eports a variation
of about ten percent in the published values for the surface
tension of mercury and that there is very little reliable infor-
mation on the other metals.
Reliable values for the surface tension of tin and lead
are recorded by Bircumshaw(2) usin the method of maximum bubble
(2) Bircumshaw, L. L., Surface Tension of Liquid Metals,
Phil. Mag. Series 7. v. 2. 1926. pp. 341-350.
pressure. The object of this thesis is the determination of the
surface tension of tin, lead, bismuth, and cadmium by use of the
sessile-drop method.
DISCUSSION
Various methods have been employed for the determination of
surface tension including capillary rise, drop weight, maximum
bubble pressure, sessile drops on flat surfaces, sessile bubbles
formed underneath flat surfaces, and the shape of pendent drops.
Each method is subject to characteristic advantages and disadvan-
tages. Only two of these will be discussed.
The ~ethod of maximum bubble pressure allows the formation
of a fresh surface .for every bubble but does not permit the stu~
of a given sample over a period of time. The sessile drop in
direct contrast, allows the observation of the same sample over
any period of time, but retains the same surface for the entire
run. This is not considered a serious objection, since Burden
has shown(3) in the~.case of mercury in contact with hydrogen,
0) Ibid, p. 31
that the adsorption of the monolayer of gas from the protecti e
atmosphere takes place in the period of t irne required for the
formation of the new surface. If this condition exists for the
other molten metals ~n contact with hydrogen, no great benefit is
to be derived from the formation of • new surface for each
detennination.
The sessiledrop was chosen for this experiment because, as
has been mentioned, it is possible for this method to observe
the sample over long periods and atmospheric control is relatively
2
easy to achieve. Although a rough value of the surface tension can
be deduced simply from the measured height of the drop(4~ an
(4) Burden, R. S., Surface Tension and the Spreading of Liquids,
Cambridge University Press, p. 15
accurate determination requires considerable graphical working-up
of the data, based on the differential equation expressing the
theoret'cal shape of the drop.
Hydrogen gas was used as a protective and reducing atmosphere,
since pumping alone is not sufficient treatment to rero~ve a layer
of absorbed gas from a surface that has been previously contami-
nated. (5)
(5) Adam, N. K., The Physics and Chemistry of Surfaces, Oxford
University Press. 1941. pp. 131.
By the use of hydrogen on a freshly prepared surface, any
oxygen which may have been retained after cleaning is removed and
hydrogen alone is present for the run. All values given for the
surface tension of various samples are therefore for the liquid
metal in hydrogen.
The metals used were of chemical purity with the exception
of the cadmium. It has been found that cadmium contains an
appreciable amount of oxygen after double distillation in vacuum
but it was included in the metals used because of its low melting
point, and the question &s to its purity is recognized.
3
4THEORY
The following thermodynamic relationships will be used.
For a closed system in equilibrium:
(1) dU = 0
..!here U is the internal energy;
(2) dS = 0
where S is the entropy.
For a system in equilibrium at constant temperature apd
constant total volume:
(J) cIA =0
where A is the Helmholtz free surface energy.
And, for equilibrium at constant temperature and pressure
(4) dG =0
where G is the Gibbs free energy.
At the surface where t-wo phases are in contact with each other
each molecule is influenced by immediate neighbors in both media.
The surface is not a well defined discontinuity between the t-wo
phases but is a volume known as the ca.pillary layer in which there
is a transition from one phase to the next. This layer tends to
contract like a membrane under uniform tension. When the di-
mensions are large its effect is negligible since the curvature
is slight, but when the curvature is large this effect is impor-
tant.
Considering, for the moment, the capillary layer as a membrane
under uniform tension, every surface element da experiences a normal
force cr da directed toward the center of curvature where tr is known
as the surface tension. 0- may be considered as a generalized
force and the change in area corresponds to a generalized dis-
placement. The S3cond law of thermodynamics may be written as:
( 5) TdS =dU - () (dA)
Let the surface AB (Fig. 1) lie in the capillary layer,
passing through all other points which are similarly located with
respect to the two phases separated by the layer. A second sur ace
AIBI may be constructed parallel to AB at a distance dl from it in
the upper phase, dl being of sufficient magnitude to insure that the
phase is uniform at this surface. A similar surface A2B2 may be
constructed in the lower phase at a distance d2 from AB where
this phase is uniform. If first, a wide rigid adiabatic envelope
is placed in such a position (see Fig. 1) that it contains a por-
tion of the three regions (1), (2), and (3), the capillary layer
may be considered as an isolated thermodynamical system and the
total internal energy U and entropy 5 of the system may be divided
into 3 parts. Then, letting Ul = internal ener of region 1,
U2 of region 2, etc.:
(6) U = U1 ... U2 + U3 and
(7) =51 + 52 ... 53; where
(8) dU(l)= T(l)dS(l) - P(l)dV(l)
(9) dU(2)= T(2)dS(2) - P(2)dV(2)
from the second law of thermodynamics
However, in the capillar layer
(10) dU(3) =T(3)dS(3) - P(3)dV(3) + ada
where s is the constant tension.
Under these conditions, the problem of equilibrium when the
5
6capillary layer is present may be treated by breaking it up into
three partial problems.
If no changes in composition and mass are allowed
(11) dU =TdS - PdV
But, since the envelope is rigid, dV =0 and therefore
(12) dU =TdS
From (1) and (12):
(13) T(l)dS(l) + T(2)dS(2) + T(3) dS (3 ) = 0
Differentiating equation (7) and using the condition given
in equation (2)
(14) dS(l) + dS(2) + dS(3) =0
Equation (14) is an equation of constraint.
l ultiplying by the Lagrangian multiplier," :
Adding equation (15) to equation (13)
(16) T(l)dS(l)+). dS(l} + T(2)dS(2)+ ).. dS(2) + T(3)dS(3)+A dSU) =0
Hence,
- ).., and the temperature is uniform throughout
the system at equilibrium.
If next, all variations are restricted to those taking place at
constant temperature and constant total volume, the Helmholtz
function is:
Now,
where the term sda appears only in region (3).
But at c nstant temperature dT(l)= 0 and therefore
(21) dA = - CP(1)dVC1) + P(2)dV(2) + P(3)dVC3» + sda
Hence, from (3),
(22) P(1)dVC1) + P(2)dVC2) + P(3)dV(3) - sda = 0
But inside the rigid envelope any change in one volume must
cause a change in one or both of the other volumes; so,
Substituting equation C23) in equation (22)
The capillary layer is now restricted to a curve and the
curvature is expressed as th~ sum of the reciprocals of the two
principal radii Rl and R2, (Fig. 3).
(26) f C = 1 + 1 ,
Rl R2
and the requirement is added that the walls of the envelope be
nor.mal to the layer. Consider a transfer of mass to the lower
phase 2 from the upper phase 1 so that the three surfaces are
7
8displaced upward through a distance dl (Fig. 1). Then, denoting
areas AB, AIBI' A2B2 by a, al' a2 , respectively:
Since AB, AIBl , and A2B2 are surfaces
(28) _a_ = al






(30) a l =a(l + Cdl ) and a2 =a (1 - Cd2), by similar reasoning
The terms aC~ and aCd2 are the increase and decrease respect- .
ively in the area (a) due to the displacements dl and d2"
_---~{It----
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In the S&fie manner the increase in the area (a) due to the
displacement dl is:
(31) da =aCdl
Substituting equations (27), (30) and (31) in equation (25)
-(Pl - P3) La(l + Cd1)]
- saCdl = 0
Hence,
The tenns (p3 - p1) dl and (p3 - P2) ..d2 are the difference in
pressure on a unit length of cross section through region (3) and
the pressure which WDuld act if phases (1) and (2) were uniform up
10
to AB and were discontinuous at that surface. Due to this subtraction,
any indetenninateness due to the arbitrary choice of the thickne~ses
dl and d2, cancels o~t. Since it is impossible to deal with this
difference apart from the surface tension, it is customary to con-
sider it a part of the surface tension and to denote the bracket of
equation (33) by the symbol <r.
This is the term () in equation (5) which is denoted as the
generalized force.
By specifying that C is to be positive on the concave side of
the meniscus, sinceer is positive, we bring into agreement the signs
of PI and P2 so that P2 >- Pl where P2 is on the concave side of the
meniscus which is actuallY at the higher pressure.
When the temperature is held constant and the pressures Pl , P2,
11
and P3 are kept constant, the Gibbs function satisfies equation (4)
at equilibrium. Under the conditions that the temperature and
pressure are to be constant, the only variations possible are the
transfer of mass from phase (1) into phase (2) and vice versa.
In general:
(35) dG =-SdT + VdP + L~(k)dN(k)
Hence, at constant T and P for 2 phases and 1 constituent:








In summary, equations (18), (34) and (39) express thennodynamic
equilibrium for the capillary layer.
For a drop resting on a smooth flat surface (Fig. 2) the pressure
inside the drop at any point (p) is due to the height h of the column
of liquid above the point. Since the surface tension is numerically
equal to the free surface energy per unit area, the total free surface
energy is equal to '0"" a where a is the area, while the total pate tiel










The following is taken largely from Bakker(6)
(6) Bakker, G., Handbuch der Experimentalphysik Leipzig, Vol. 6, pp.64,
65, 88. 89 (1923).
At equilibrium, assuming the boundary remains constant,
(40) J (cr a ;. f> g jZdV) = 0
if the volume remains constant. Since (J is constant the
(41) J(Cia) =(jJa.
But from equation (28), letting the magnitudes be infinitesimal,
(Fig. 3), dl =J nj and the ratio of the areas before and after a
uniform expansion is ven by
(43)
da = ~R2
dal CRl + :s n)(R2 + .J n)
da - R2
dal - RI R2 + ~.s n + R2J n + ($ n)2
2
dal = 1 +L!:! + sl!! + (J n) -
era:- R2 R1 RIR2
if the second order term is neglected.
Therefore
(45) da1 = da + da J n (1 + ]; ~(Rl R2
(46) dal - da = daJ n ~ + 1 )~ ~)
Denotin da -dab J ( )
(47) J(da) da~ n ~1 T 1 ~~ R2
and e tion (41) become
(48) .J (0" ) :a-J a = () ~ n (1 + ]; ) da)- (Rl R2)
Also
(49) J!Z dV =jiJnda
(50) JftgZdV =~gfz~ nda
For all possible changes at constant volume
where .s V = jJ nda = 0, from (40), (48), and (50):
(51) (j/J n c.~ + 1) da+ ~gjz J nda = 0)~ (Rl R2 )
Moving the origin to the top 0 the drop, (Fig. 4) for the
work that follows, taking a cross section in the xZ plane, and
denoting by ~ the principal radius of curvature in the meridianal
15
(xZ) plane:
(53) 1 - ~:: ~ dx = ~ cos et.. =
Rl ds dx ds dx
des n ce,l
dx
where o(.,is the positive angle between the x axis and the tan ent.
The second principal radius of curvature R2 =R3 is shown
in Fig. 4. Hence,
(54) sin 0(,= x
R2
(55) 1 - sin 0(R2 x
(56) - d (sin ~) + sin~
dx x
- xed sin ~) + sin 0( dx
xdx
= d(x sin ~)
xdx





(58) pgZ =0-. d(x sin od t k
\ - xdx
where Z is now r.leasured from the top of the drop downward.
(59) Z = (T d(x sino<.) "t" k t~ xdx
which is linear in the variables Z and d(x sin 01-.) •
xdx
x,~, and Z were measured from the magnified imaee of the drop at
17
equilibrium, d(x sin e:0
xdx
was determined graphically, and Z VS.
d(x sin 0<.2
xdx
was plotted to obtain the value of .J£...
rg
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A tube furnace (Fig.5 ) with a two inch steel tube inserted
inside the heating element to retaLn a hydrogen atmosphere had
been used in the department previously. A semi-cylindrical base
to hold the sample had also been made prior to the initiation of this
research.
A thennocouple outlet and flat flange faces on the ends of the
tube were added to the existing set-up. End caps with two-inch
circular glass openings were bolted to the flanges to seal the
ends and to allow access to the sronple. The manually-operated
temperature control system consisted of a variable transformer to
regulate the input voltage to the furnace and a variable resistance
for close control between taps on the transformer. A wattmeter.on
the input to the furnace indicated the power expended and a ther-
mocouple with the cold junction held at the melting point of ice
was employed in conjunction with a potentiometer to measure the
temperature.
A reducing atmosphere was maintained by passing a slow
stream of hydrogen through the system and exhausting it throu h
a mercur outlet which served the triple purpose of giving a
visual indication of the rate of flow, retainin a slight posi-
tive pressure on the system, and preventing any feed back of air
into the heating chamber.
A 500 watt projector with the bellows removed and the
projection lens extended was used as a light source to illuminate





<::::> .~u J .et>
a-l
<' I0
the sample in the center of the furnace. The shadow of the sample
was magnified by a lens system and focused on a screen. Traces
of the shadow on the screen, and pictures of screen, served as a
means of recording the shape of the sample.
Variations in the line voltage were eliminated by means of
a constant potential transformer which supplied the variable
transformer primary.
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SW..PLE CLEANING AND PREPARATION
A glass tube was sealed at one end and small openings were
blown in the end and side walls to form a perforated container in
which the material was placed before the cleaning operation began.
The material remained in this container throughout the sequence of
preparatory steps and was poured directly onto the he spherical
block which supported the sample in the furnace at the end of the
cleaning operation.
The pure metal in granular form was placed in the container
and the tube immersed in an etching reagent to such a depth that
the metal, was covered with the reagent, which entered the tube
through the perforations. After etching, the sample was thoroughly
washed, the container was slipped insi e a larger glass tu e and
attached to a vacuum system where it was completely dried. The
sample was then poured onto the hemispherical base and placed in
the furnace.
Concentrated nitric acid was used as the etching reagent
in t he case of lead and the sample was alternately immersed in the
acid and distilled water. For tin, a solution of concentrated
nitric acid and ethyl alcohol was used as the reagent and the etching
was accomplished by immersion for a period of one-half hour or longer
followed by washing in distilled water. Hydrochloric acid was used
for both bismuth and cadmium., the actual procedure being the san:;,e
as for tin.
21
The system was flushed with hydrogen and a slow stream of
hydrogen passed through the furnace and over the sample for a minimum
period of six hours before heating was started.
22
EXPERUlENTAL TECHNIQUE
The furnace was leveled by means of adjusting screws in the
legs. Leveling with respect to the longitudinal axis was readily
accompli hed by rotatin the furnace until the shadow of the
hemispherical base was par~llel to horizontal lines on the screen.
Leveling the base with respect to the horizontal transverse axis
presented so ewhat more of a problem. The furnace was approximately
leveled with respect to this axis by means of a lone spirit level.
This did not prove sufficiently precise, however, and the process was
continued by trial and error until samples which had been melted a.nd
solidified were found to be symmetrical, when measured with a micro-
meter. No difficulty was experienced in keeping it level after this
position was located.
For the actual runs, the s~ple was first brought to a
23
temperature slightly above the melti point. Since the sample
was granular in the solid state, an appreciable period was re-
quired in reaching equilibrium. This time varied depending on the
material and the shape of the heap of metal which was melted. In
all cases, no data was taken until no further change in shape had
been observed for bolO hours. The shape of the sample was recorded by
tracing the image on the screen and by photographs. The sample was
then raised to the higher temperature, allowed to assumethe shape
characteristic of that temperature, and the image again recorded.
The magnification was determined by allowing the sample to
cool, measuring the image on the screen, removing the sample from
the furnace, and measuring the sample with micrometers.
The traced image was used for all computations since the
photographs showed some distortion due to the camera angle and
irregularities of the screen surface. The outli e of the sample
was also more sharply defined to the eye since the light inten-
sity on the screen was very weak requiri:l.g as much as 5 minute ex-
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* No reliable value for the density of bismuth at this temperature
was available.
CONCllJSIONS
The sessile drop method is of particular value when it is
desirable to observe the same surface over an extended period and
over a temperature interval. A graphical interpretation of the
data is laborious, but if carefully done is capable of yielding
precise results.
No data was taken for cadmium above 400° C since sufficient
vaporization took place above this temperature to deposit a thin
metallic film on tire end windows vlith the consequent possibility of
diffraction effects.
Bircumshaw(7) reports 526 dynes/em. for the surface tension
(7) Bircumshaw. op.cit. pp. 341-350
of tin at 253°C and the same value at 400°C compared with the value
of 521 dyne /cm. found at 249°C and at 449°C. His value for lead
of 453 dynes/em. at the me ting point is in good agreement with
the value of 451 dynes/em. at 337°C, while he reports 441 dynes/c~.





The surface tension of lead, tin, bismuth, and cadium were deter-
mined by the sessile drop method using a graphical interpretation of
the data. It was observed that the surface tension of lead varies di-
rectly with the density, within the range of experimental error. This
is not true for tin and cadmium, which leaves open the question as to
whether this is a coincidence in the case of lead or whether there mar
be phenomena associated with the densities of these other metals which
have not been observed. The value obtained for the surface tension is
dependent on the value of the density which is used in the computation.
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